ABSTRACT: Previous estimates of suspended food resources have not incorporated the hydrodynamics of species-specific food entrainment. To assess food resources available to the siphonate bivalve Mercenarja mercenarra, we developed a n in situ sampling protocol utilizing realistic incurrent siphon characteristics (e.g diameter, sampling height and pumping rate) with simultaneous measurements of the current veloclty profile. Microalgal food resources, a s estimated by clam-blased chlorophyll a measurements, varied 10-fold over both temporal (hourly and seasonally) and spatial (centimeter and meter) scales in estuarine vegetated and adjacent unvegetated habitats. For the near bottom (1 cm height) samples, chlorophyll a concentrations and variations were greater in a seagrass bed than those measured in the adjoining bare sand habitat. Samples collected at 5, 15, and 45 cm above the bottom did not exhibit any habitat-specific pattern. U p to 90 ' ?L of the near-bottom microalgal count in the seagrass bed was pennate diatoms suggesting that much of the chlorophyll a is derived from the bed. Current speeds measured just above the bottom in the seagrass bed were considerably lower ( c 1 cm S -' ) than elsewhere. These results suggest a relatively concentrated, locally-generated near-bottom food resource for M. mercenaria within the vegetated habitat. Therefore, resource depletion (i.e. suspension feeders reducing the food level for others downstream) may not be relevant to hard clam populat~ons at this site.
INTRODUCTION
Patterns in the distnbutions of oceanic phytoplankton have been demonstrated at many spatial and temporal scales (Parsons et al. 1977) . To quantify these distributions, biological oceanographers typically collect water samples with minimal alteration of ambient currents (e.g. Nansen bottles), although many other designs have been used (e.g. Mitchell & Fuhrman 1989) . Nonetheless, because phytoplankton are generally small and near neutrally buoyant, individual cells tend to follow flow streamlines and collections will produce unbiased estimates of their instantaneous concentration.
This well-developed methodology, and its implicit assumption of a well-mixed (at the measurement scale) ' Present address. Department of Ecology and Evolution, State University of New York, Stony Brook, New York 11794, USA phytoplanktonic source, has also been utilized to estimate the food levels available to benthic suspension feeders (Buss & Jackson 1981 , Frkchette et al. 1989 , Irlandi & Peterson 1991 , Fegley et al. 1992 . Unfortunately, estimating food levels available to these suspension feeders may require more than just measuring instantaneous chlorophyll concentrations. Active suspension feeders collect food particles in suspension from the water column above via a 'pump' (sensu Jsrgensen et al. 1986 ). When pumping water, the paths of the small particles will conform to the streamlines because these particles have insufficient inertia to cross streamlines. Particles with larger masses (e.g.
algal or sediment aggregations) may not follow the changes in water direction a t the collection port faithfully and will be under-represented in collections. Thus, the traditional method of collecting water samples by matching the collection speed to the ambient current (i.e. isokinetic sampling) will likely produce higher estimates of the food level available than that lect data on the variability in food we chose sources and water currents were measured above the bare sand (A) (Judge et al. 1992) . Sampling of food resources. To distinguish the clam-biased food particle concentrations from those collected using traditional sampling techniques, we have chosen to use the term 'food resource' in this paper to indicate the chlorophyll concentration perceived by the clam. The clam-biased chlorophyll a abundance, as an indirect assay of the microalgal food resource (Jsrgensen 1966) , was determined fluorometrically (Parsons et al. 1984) . Within each habitat (bare sand, edge of seagrass bed, or within a seagrass bed), water was sampled 1 cm above the bottom with 2 horizontal 6.4 mm intake tubes orthogonal to the current direction (Fig. 2) . A suction velocity of ca 1 to 2 cm S -' was used to match the incurrent siphon diameter and pumping rate of a 60 mm (length) hard clam (Walne 1972 , Monismith et al. 1990 ). The 1 cm sampling height was chosen because laboratory observations of Mercenaria mercenarja suggested that siphons can be extended 5 to 10 mm above the bottom and, to a lesser extent, for experimental tractability. No adequate field observations of M. mercenaria siphon extension exist to corroborate this sampling height.
The choice of a constant pumping rate (at a given temperature) is valid from the few studies directly measuring pumping rate in flowing water (Hildreth 1976 , Fiala-Medioni 1978 . Pumping rate is not necessarily synonymous with filtration rate. Filtration rates measure the change in water column concentrations (not at the siphon) and assume the water is well-mixed, i.e. no concentration gradients exist adjacent to the suspension feeder (Coughlan 1969) . Monismith et al. (1990) have provided convincing evidence that siphonate bivalves, such as M. mercenaria, can re-filter some of their diluted exhalant filtrate. Therefore, concentration gradients often occur at the level of the siphon and cause filtration rates to underestimate pumping rates, especially in still water.
A vertical 1.9 cm diameter polyvinylchloride (PVC) pipe held the double intake tubes (separated by ca 6 cm) at a fixed height above the bottom. TygonTb' tubing conveyed the water sample from the sampling port, up the inside of the PVC pipe and out to the position of the experimenter located at least 1 m downstream. The PVC pipe had a flat (2 mm thick) rectangular base (1 X 10 cm) which prevented it from sinking into soft substrata; sufficient time (3 to 5 min) was allowed after placement of the sampling apparatus to allow any disturbed sediment to resettle or move downstream. No further attempt was made to block the capture of seston aggregates (see later discussion of chlorophyll degradation products). For comparative purposes, separate simultaneous water samples were also collected similarly at 5, 15, and 45 cm above the bottom.
Immediately prior to collecting the samples, all intake tubes were rinsed with more than 30 m1 of unfiltered seawater (greater than 3 times the volume of the TygonTM tube) at the same pumping rate. A 3-way stopcock allowed for the discharge of the rinse and ensured that the water samples always flowed in 1 direction in the tube. Samples of approximately 50 m1 (over 75 to 90 S) were drawn manually by 60 cc syringes and then passed through filter paper (Whatman GF/C, pore diameter 1.2 pm) having approximately the same retention efficiency a s the bivalve ctenidia (Peterson & Black 1991) . The chlorophyll was extracted by placing the filter paper, while in the field, into 10 m1 of 90 % acetone, vortexed, and placed on ice in the dark for 24 h. The following day, the sample was centrifuged and a subsample was gently poured into a cuvette. Chlorophyll a measurements were read on a fluorometer (Turner Designs), before and after adding 2 drops of 1 N HCI to identify phaeophytins (Parsons et al. 1984 ). Significant resuspension (caused by sampling or otherwise) can be verified through a phaeophytin to sampling height relationship, because chlorophyll degradation products are generally only common within sediments (Frechette & Bourget 1985) On one date (28 August 1990), water samples, collected at all heights in 2 habitats (bare sand and within seagrass bed) and fixed immediately with Lugol's solution, were analyzed directly for species composition.
Design of field experiments. Variability in food supply has been shown to be important to bivalve growth rates (Frechette & Bourget 1987) ; consequently, we conducted experiments on several scales for comparison. Data was collected bi-monthly for 1 yr and every 4 h over one 24 h period. Samples were taken in habitats similar to those used for several Mercenaria mercenaria growth experiments (Coen & Heck 1991 , Wilson 1991 , Judge et al. 1992 . In the bi-monthly program, vertical profiles were sampled at 4 horizontal locations (bare sand, edge of seagrass Halodule wrightii bed, and 2 distances into the seagrass bed) representing different habitat types. The habitat types were each separated by 12 m. On each date, the sampling position was chosen haphazardly in each habitat. Two PVC pipe sampling apparati were placed 4.5 m apart and both depth profiles were taken simultaneously. A third chlorophyll depth sample was obtained 15 min later from 1 apparatus left in position. After sampling 1 habitat type, we moved to the next habitat (generally starting with the sand and progressing into the seagrass bed). The 3 chlorophyll samples collected from a given height and habitat were l~edleci as replicates oi; each date. This lumping of replicates is justified because the temporal replicate (separated by 15 rnin) was not significantly different (ANOVA on transformed data, F,,,,, = 0.95, p = 0.331) frzm the 2 ear!ier simu!tar?eous samples (separated by 4.5 m) if dates are considered blocks. The entire sampling program across all habitats was completed by 2 researchers within 2 h. A single patch of water could not be followed because currents at Perdido Pass do not move sequentially across each habitat type.
During the 24 h program (13 and 14 August 1991), samples were collected similarly except that only 1 location was used in the seagrass habitat (i.e. center). Two apparatuses (separated by 1 m) were used in each habitat type (6 in total). Two replicate vertical profiles (separated by 1 min) were collected simultaneously across all habitats. All samples at each sampling period were completed by 4 researchers within 5 min.
The PVC sampling apparatuses were left in place throughout the 24 h period.
Currents were also measured during this 24 h period with 3 Marsh-McBirney 51 1 electromagnetic current meters and 3 hot bead anemometers connected to voltmeters (LaBarbera & Vogel 1976, as modified by M. Patterson pers. comm.). The hot bead anemometers were necessary in situations where the electromagnetic meters were not reliable (i.e. speeds less than 2 cm S-' or locations in highly sheared flow fields). In our study, the hot bead sensors were used for all but the near-surface measurements. At each chlorophyll sampling time, near-surface (5 to 10 cm below water-air interface) current speeds in the 3 habitats were estimated simultaneously from two 90 S measurements with the 3 electromagnetic current meters. On 3 occasions, speed-depth profiles were obtained by averaging 1 min of simultaneous measurememts for the 3 hot bead anemometers (!ocated at 5, 15, and 25 cm above the bottom) and 1 electromagnetic current meter (located just below the surface). Velocity profiles were collected sequentially in the 3 different habitat types.
Data analysis. Chlorophyll a variability increased with mean concentration; consequently, data analysis was performed on the log,,,-transformed chlorophyll concentration. Food availability close to the bottom (1 cm) for both yearly and daily periods was analyzed by a 2-way ANOVA for both habitat type and time. To evaluate the depth distribution of food particles within the water column, chlorophyll depth profiles were compared by a 2-way ANOVA (without replication for time) for height and habitat type. Phaeophytin percentages, for each date, were angular (arcsine) transformed [sin-'(p"2)] to achieve normality prior to a 2-way ANOVA for height and habitat type. Near-surface current speeds during the 24 h period were compared by ANOVA for habitat type. When significant 
RESULTS

Annual food resources
Chlorophyll a concentrations of the water samples collected in a hdercenaria rnercenaria-specific fashion are shown in Fig. 3A . Throughout the year, chlorophyll concentrations are generally greater within seagrass than the bare sand or edge habitats (mean of each date + SE; Grass (center): 4.62 20.96 pgl-l, Grass (quarter):
3.35 Z 0.81, Edge: 2.12 r 0.37, Sand: 2.00 2 0.49). However, a significant interaction between date and habitat type precludes identification of clear main effects (Table 2, Annual). Collapsing the 2 grass positions into a single grass treatment did not change the qualitative result.
If dates are considered blocks, then chlorophyll concentrations across all habitats are independent of height for samples drawn between 5 and 45 cm above the bottom (ANOVA, F,,,, = 0.565, p = 0.572; Fig. 3B ). Moreover, the mean chlorophyll concentration is higher adjacent to the bottom (1 cm sampling height) than the combined average of the 5, 15, and 45 cm sampling heights (ANOVA, = 7.949, p = 0.006; Fig.  3B ). Although the baseline chlorophyll levels vary throughout the year, the vertical pattern was similar on most sampling dates. Further evidence that near-bottom waters represent a qualitatively different chlorophyll a regime comes from a comparison of the coefficient of variation by sampling height. Using all untransformed data, the seagrass habitats near the bottom (0.73) are nearly twice as variable in chlorophyll a as the 5 cm sampling height (0.47). The bare sand and edge habitats also exhibit increased vanability adjacent to the bottom (0.62 and 0.44, respectively, vs 0.43 and 0.41), but to a lesser extent. Moreover, although pennate benthic diatoms (primarily Licmophora spp. and Amphora spp.) generally are more common in all near bottom samples ( Height above B o t t o m ( c m ) Chlorophyll a varied significantly between sites (grass samples were higher than the other 2 habitats) and over time (Table 2B) . (B) Histogram of mean chlorophyll concentration (7 1 SE, n = 6) at each height averaged throughout the day. Chlorophyll levels were greatest near the bottom in the seagrass bed (ANOVA, Height X Habitat, F,,,, = 7.912. p <0.001). while samples drawn a t 5 cm and l 5 cm did not differ (ANOVA, F ,,,, = 0.255. p = 0.617) contribute up to 90 % of the total algal cell count within the seagrass, but only 60 % within the sand habitat. Typical planktonic diatoms (Skeletonema spp. and Chaetoceros spp.) were not found in any samples (M. Sullivan pers. obs. for 28 August 1990). In contrast to the chlorophyll concentrations, phaeophytins within the water samples never varied significantly with height above the bottom (ANOVAs on each sampling date, all p's > 0.4) suggesting that resuspension played only a minor role in this pattern and that our sampling did not suck sediments off the bottom.
Daily rood resources
Chlorophyll a concentrations and variability applicable to an individual Mercenaria mercenaria on an hourly scale (Fig. 4A) were similar to the year-long pattern. Chlorophyll varied significantly with time and habitat with no significant interaction effect (Table 2 , Daily). Throughout the day, the seagrass habitat exhibited significantly (p < 0.001) greater chlorophyll levels (9.15 + 1.54 yg l-', mean +-SE) than either the edge (2.05 2 0.55) or bare sand (2.73 -+ 0.56) habitats. As with the year-long results, if sampling times are considered blocks, then mean chlorophyll concentration is greater 1 cm above the bottom than at 5 cm or 25 cm, but only significantly so for the seagrass habitats (Height X Habitat interaction, F4;,,, = 7.912, p < 0.001). Re-analyzing without the 1 cm samples, chlorophyll concentrations at 5 and 15 cm, averaged over the day, are indistinguishable (ANOVA, = 0.255, p = 0.617) across all habitats (Fig. 4B) . 
Variability in water flow
Near surface current speeds (averaged over 3 min) during the 24 h sampling period are shown in Fig. 5 . Current speeds 5 to 10 cm below the air-water interface varied from near 1 cm s-' to greater than 8 cm s-' and were significantly different among habitat types (ANOVA, F2,,* = 9.67, p = 0.001), with measurements above the bare sand (4.02 cm S -' ) consistently higher. Mean currents above the seagrass (1.95 cm S-') and edge (2.66 cm S-') were not significantly different (aposterioricontrast, = 2.174, p = 0.158). Currents switched direction several times during the 24 h sampling period.
The velocity-depth profiles (Fig. 6 ) exhibited substantial variation during the 24 h sampling period. Sometimes, the velocity profiles varied unpredictably with height and habitat (Fig. 6A) or, during other periods, the water was slack (Fig. 6B) . At other times, flow velocities were more consistent with a priori expectations (Peterson et al. 1984 , Gambi et al. 1990 ) about flow near seagrass beds (i.e. uniformly higher above the sand habitats, Fig. 6C ). However, even though the near surface currents at the edge of the grass bed appeared similar to the seagrass habitat, the bottom currents near the edge were always greater than those in the seagrass and, in fact, were more similar to the sand.
DISCUSSION
Patterns of variability
The uniformity of chlorophyll a measurements above the bare sand and grass edge during each sampling period suggests that food is well-mixed in these habitats. Although phytoplankton have often been observed to be vertically structured in deep water (Steele & Yentsch 1960) , mixing in many shallow estuarine environments is sufficient to eliminate stratification of chlorophyll (Holligan et al. 1984) . Turbulence in these waters increases mixing and replenishes food resources at the bottom (Denny & Shibata 1989 , Frechette et al. 1989 . In Perdido Pass, the shallow sandy habitat probably has substantial vertical mixing relative to the removal by suspension feeders and deposition. Consequently, estimates of food resources are not likely dependent upon sampling height.
In contrast to the bare sand and edge habitats, food resources, as indicated by the clam-biased chlorophyll a concentrations, within the seagrass habitat are considerably greater just above the bottom than in the overlying water column. The mean food resources near the bottom even surpassed the annual maximum values observed at 5, 15, or 45 cm above the substrate. Although the coefficient of variation in mean food abundance in all habitats increases towards the bottom, the magnitude of this increase in the seagrass habitat is exceptionally large.
Based on the cell counts, much of the increase in chlorophyll a within the seagrass bed appears to have been generated locally (i.e. in the immediate vicinity of the clam) as benthic or epiphytic algal cells slough off or become resuspended, and not from the deposition of phytoplankton from the water column above (Peterson et al. 1984) . If the deposition of phytoplanktonic diatoms had played a major role in Perdido Pass, then relatively more phytoplankton cells would have been expected in the near-bottom samples, rather than the observed higher relative abundance of benthic diatoms. Although the low current speeds measured in the seagrass habitat suggest little mixing at the bottom, we are unable to distinguish fully between greater microalgal growth and resuspension. However, in Perdido Pass, the lack of a significant relationship between the percentage of phaeophytins and sampling height above the bottom indicates that resuspension events (or sucking in sediments while sampling) are probably small relative to the benthidepiphytic algal production as a clam food source. Taken together, these results suggest that active suspension feeders, like Mercenaria rnercenaria, feeding just above the bottom withn seagrass meadows experience a significantly different food source than those feeding in unvegetated areas. Feeding heights less than 1 cm above the bottom may produce even greater food resource estimates.
Substantially similar patterns were observed during our more intensive 24 h sampling period. Again, food resources increased markedly near the bottom in the seagrass habitat. Although continuous measurement of food resources is necessary to allow definitive con-
